Abstract-This paper investigates a cross layer scheduling scheme for OFDMA wireless system with heterogeneous delay requirements. Unlike most existing cross layer designs which take a decoupling approach, our design considers both queueing theory and information theory in modeling the system dynamics. The cross layer design is formulated as an optimization of total system throughput, subject to individual user's delay constraint and total base station transmit power constraint. The optimal scheduling algorithm for the delay-sensitive cross layer optimization is to dynamically allocate radio resources based on users' channel state information, source statistics and delay requirements. Specifically, optimal power allocation was found to be multilevel water-filling where urgent users have higher waterfilling levels, while optimal subcarrier allocation strategy is shown to be achievable by low complexity greedy algorithm. Simulation results also show the proposed jointly optimal power and subcarrier allocation policy can provide substantial throughput gain with all delay constraints being satisfied.
INTRODUCTION
Because of the robust performance of Orthogonal Frequency Division Multiplexing (OFDM) over frequency selective channel, OFDM can support high speed data transmission through multiple subcarriers and it has been proposed as the modulation and multiple access schemes for next generation networks such as IEEE 802.16 wireless broadband access system.
Conventional multiuser OFDM system, e.g. OFDM-FDMA and OFDM-TDMA, with fixed subcarrier allocation scheme only allows a single user to transmit on all of the subcarriers or a fixed subset of subcarriers [1] and thus fails to exploit the inherent multi-user diversity in the time varying wireless channel. OFDMA with cross layer scheduling exploits this multi-user diversity, by carefully assigning multiple users to transmit simultaneously on the different subcarriers for each OFDM symbol with optimal power and rate allocations. With the dynamic subcarrier and power allocation in OFDMA systems, the overall system throughput can be increased significantly. There are considerable amount of existing works on cross layer scheduling design for OFDMA systems (see for example, [2, 3, 4] and references therein). However, in most works, the cross layer designs were based on a decoupled approach where the source statistics and the queue dynamics were ignored from the physical layer information theoretical models. In other words, these cross layer designs were targeted for delay insensitive applications only. The authors in [5] attempt to design cross layer schedulers that can incorporate both the source statistics and queue dynamics into a simple OnOff physical layer model. In [6, 7] , the authors proposed a cross layer algorithm based on combined information theory [8] and queueing theory [9] to minimize the average system delay. In [10] , the authors consider cross layer scheduling through utility based optimization on optimizing delay related utility. The authors in [11 ] proposed a heuristic urgency based allocation policy for Multiuser MISO wireless system with zero forcing beam-forming strategy. Yet, it is not clear how good the proposed heuristic allocation policy performs compared with the optimal performance. Furthermore, in all these designs, they are targeted for systems with homogeneous users only.
In this paper, we shall focus on the cross layer scheduling design for OFDMA systems which consider the effect of the source statistics and queue dynamics in addition to the information theoretical physical layer model. We consider delay-sensitive systems with mixed traffics having heterogeneous delay requirements. Compared to the conventional assumption on homogeneous traffic in cross layer design, it would be a more realistic assumption on traffic nature of next generation wireless network which requires simultaneous heterogeneous multimedia transmission of different delay requirements. Unlike [4] which simplified the physical layer into a simple ON-OFF model, we consider a more sophisticated information theoretical model to capture the performance of the OFDMA physical layer. The delaysensitive cross layer scheduling problem is formulated into a mixed convex and combinatorial optimization problem. Based on the optimization framework, we deduce the jointly optimal power and subcarrier allocation strategy that satisfies the heterogeneous delay requirements. We found that the optimal power allocation strategy is given by multi-level water-filling where users with tighter delay constraint will have a higher "water-level". The optimal user selection (or sub-carrier allocation) strategy is greedy in nature which has a linear complexity with respect to number of users.
This where the expectation is taken over all system dynamics, ts is the duration of the encoding frame, and BW is the total Bandwidth of the OFDM system, F (bits) is the size of each packet, qj is the instantaneous queue length of user j buffer (in terms of number of packet), and the instantaneous system state X is assumed to be known.
In and , (v .rK) are the Lagrange multipliers characterizing the jointly optimal power and subcarrier allocation policy. It should be noted that with this only barely sufficient total transmit power Pm, delay constraints of all users are active; on the other hand, when the transmit power is less than Pm, at least one delay constraint of a user cannot be satisfied for any jointly optimal power and subcarrier allocation policy. Some numerical examples on the minimum required power will be shown in Section V.
V. SIMULATION RESULT In this section, we present the simulation results using Monte Carlo simulation to illustrate the performance of the proposed cross layer scheduler for OFDM system with mixed traffic having heterogeneous delay requirements. A. Simulation Model Mobile users are assumed to be homogeneous in terms of path loss. We also consider arriving packets are of fixed size of 80 bits, and the arrival process to each mobile user's buffer is an independent Poisson process with arrival rate is 0.5 packets per time slot. The total system bandwidth is 80 kHz. Each time slot lasts for 2ms. And we also assumed the channel noise has unit variance. B. Simulation Results Consider the simulation model in Section V A, and with number of subcarrier NF= 4 and number of users K = 5 in which only user 1 and user 2 has delay constraint specified by To (unspecified users are assumed to be able to tolerate a delay up to 1000 time slots), it can be seen from Figure 2 that with the delay constrained users being more urgent, the minimum power required to support all delay constraints of the user would increase, and at the same time the system throughput would become smaller under same provision of average transmit power. Figure 3 illustrates the scheduling performance with respect to the effect of number of user K with only user 1 and user 2 has delay constraint. It can be seen that the system throughput would increase with K because of the gain provided by improved multiuser diversity, i.e. it is more likely to select user with good channel conditions when more users are available. However the gain of the average total system throughput from multiuser diversity with users being delay constrained is less than that with users having no delay constraint as seen in Figure 3 . Besides, the minimum power required to support the same delay constraints of user 1 and user 2 would also increases when number of users K in the system increases. In practice, more users would also induce more overhead in feeding back the channel estimation information to base station. With simulation setting changed to NF= 5, and K = 5 and maintaining delay constraints of user 1 and user 2 to be To = 2.5. Figure 4 illustrates the scheduling performance under different schedulers similar to those results shown in [2] . It can be seen that system throughput is maximally achieved by the jointly optimal Dynamic Subcarrier Allocation (DSA) algorithms and Adaptive Power Allocation algorithm (APA).
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In particular, the throughput was increased mostly by using optimal DSA algorithm, while the gain provided by optimal APA is comparatively less significant when optimal DSA algorithm is present. It can also be observed that the minimum power required to support the delay constraints of all users is the least for the case ofjointly optimal APA and DSA. Figure 5 that delay constraints of the delay constrained users (user 1 and user 2) are satisfied, independent of the background traffic loading, with the only scarification of the delay performance ofthose delay insensitive users. VI. CONCLUSION In this paper, we have presented a cross-layer scheduler for OFDMA systems with heterogeneous delay requirements. The cross layer design problem is formulated as an optimization problem with consideration of the source statistics, queue dynamics as well as the CSIT in the OFDMA systems. The optimal power allocation and subcarrier allocation solutions are obtained based on the optimization framework. The proposed cross layer scheduler offers a nice balance of maximizing throughput and providing QoS (delay) differentiation of the mixed heterogeneous users. We also investigated the minimum power required for finding a feasible scheduler that can satisfy all delay requirements. From the simulation results, it was also shown that substantial throughput gain is achieved by jointly optimal power and subcarrier allocation policy and all users' delay constraints are satisfied. 
